Abstract. Brittle fracture in structural materials is strongly influenced by the presence of residual stresses. During more ductile fractures the influence of residual stress is reduced by plastic deformation prior to the initiation of fracture. In structural integrity assessments, it is therefore important to account for the interaction between applied loads and residual stresses. This interaction was studied in two experiments. In the first, residual stresses in aluminium alloy 7075-T6 three-point bend specimens were measured prior to loading using neutron diffraction. In the second, the stress field in compact tension specimens of ferritic pressure vessel steel was mapped using energydispersive synchrotron X-ray diffraction as the specimens were loaded. In both cases, finite element modelling of the elastic-plastic fracture was performed using residual stresses either reconstructed from, or validated using, experimental results. This method of analysis allowed us to compare the effect of residual stress on two different fracture mechanisms. The aluminum specimens fractured in brittle manner, and analysis of experimental load-displacement results showed that residual stresses were superimposed almost linearly with externally-applied stresses at the point of fracture initiation. In the steel specimens, fracture initiated by ductile tearing and it was shown using finite element analysis that residual stress had only a very small effect on the crack-driving force at higher levels of applied load. In fact, at the point of tearing initiation prior strain-hardening caused by the indentation process used to introduce residual stresses had a greater effect on the crack-driving force than the residual stress state itself.
Introduction
Residual stresses can strongly affect the initiation of fracture in brittle materials [1] . However, in more ductile fractures the effect is diminished by partial relaxation of the residual stress, which is enabled by plasticity prior to fracture initiation. As a consequence, some structural integrity assessment procedures such as the R6 procedure [2] and the British Standard BS7910:2013 [3] include methods to account for this effect. This is achieved using approximate methods. For example, in the Failure Assessment Diagram (FAD) approach used in R6, a plasticity correction factor V is introduced to represent the reduction in the effect of "secondary" stresses. Secondary stresses are defined as those stresses that can influence fracture initiation but do not contribute to plastic collapse when this is the dominant failure mechanism. Typically, residual and thermal stresses are classed as secondary. By contrast "primary" loads are those which affect both failure mechanisms and include, for example, pressurisation and gravity loads. Although it is relatively simple to apply, the plasticity correction method can give overly-conservative results for some geometries. In certain situations, disproportionately severe plastic deformation can occur close to a defect as a result of high residual stresses remote from it -a situation referred to as elastic follow-up. In cases where there is significant elastic follow-up, the V factor approach has the potential to give a non-conservative assessment result unless the elastic follow-up effect is considered [4] . In the past, the interaction between primary and secondary stresses during fracture has been widely studied using finite element analysis, often for the purpose of developing improved techniques for structural integrity assessment. However, there has been little experimental work on this topic due to the difficulty involved in measuring the complex stress fields which occur close to a crack tip. We performed two experiments to observe these stress fields and, using this data in conjunction with finite element analysis, investigated the effect of residual stress on the mechanism of elastic-plastic fracture [5] , [6] .
Method
Brittle fracture. Single Edge Notched Bend (SEN(B) ) specimens of 7075-T6 aluminium alloy with dimensions 120 x 30 x 15 mm were prepared as shown on Fig 1. Half of the 16 SEN(B) specimens were compressed in the out-of-plane direction using a pair of circular indenters, before the "crack" (actually an Electrical Discharge Machined notch) was cut into them. The other half were notched in the as-received condition. The residual elastic strain field on the mid-thickness plane of the specimen in the region of the notch (see Fig 1) was measured using neutron diffraction. The measurements were performed using the SALSA diffractometer at the Institut Laue-Langevin (Grenoble, France). Measurements were taken at 2.5 mm intervals over most of the measurement plane and at 1 mm intervals in a small region surrounding the crack tip. Finally, both the indented and non-indented sets of specimens were loaded to failure in three-point bending and their apparent plane-strain fracture toughness was calculated.
Elastic-plastic finite element analysis was performed to estimate the elastic-plastic strain energy release rate at the point of fracture for both sets of specimens. This analysis used a residual stress field for the indented specimens that was reconstructed from the measured neutron diffraction data using an iterative technique [7] . Loading of the residually-stressed specimen was then simulated and the energy release rate was determined by calculating the J-integral as a function of throughthickness position on the crack front. To account for the effect of residual stress, the modified Jintegral formulation due to Lei was used [8] , [9] .
Figure 1: Indented Single Edge Notched (SEN(B)) and Compact Tension (C(T)) fracture specimens used in the experiments.
Ductile tearing. This experiment used modified Compact Tension (C(T)) specimens of a ferritic pressure vessel steel (Fig 1) . As in the previous experiment, a residual stress field was introduced in some of the specimens by local compression ahead of the notch tip. However, the steel specimens exhibited a much more ductile fracture process and were loaded until the initiation of ductile tearing. Loading of the specimens was carried out on the I12 beamline at Diamond Light Source (Oxfordshire, UK). Energy-Dispersive X-ray Diffraction (EDXD) was used to measure the stress field surrounding the crack at incremental loading steps at a spatial resolution of 1 mm over most of the specimen, and 0.25 mm in a region surrounding the crack tip. X-ray radiography was used to detect the initiation of ductile tearing at the notch tip (Fig 2c) .
Figure 2: X-ray images of the notch tip of a C(T) specimen at three levels of applied load, showing the initiation of ductile tearing in c.).
As in the brittle fracture experiment, finite element analysis was performed to predict the specimens' elastic-plastic strain energy release rate. However, the initial residual stress field assumed to exist when modelling the steel C(T) specimens was derived from elastic-plastic modelling of the indentation process, validated using the EDXD measurements taken at incremental loading steps.
Results and discussion
In both experiments, we measured the residual stress field that resulted from out-of-plane compression followed by introduction of a crack. Results for each type of specimen under zero external load are shown in Fig 3. Significant opening-mode crack loading occurs under the action of residual stress alone in both the SEN(B) and the C(T) specimens. a.
b.
Figure 3: Measured residual elastic strain and residual stress fields around crack tips in two fracture specimens. In each case the crack-transverse component of strain/stress is shown. a.) Residual elastic strain in an aluminium alloy 7075-T6 three-point bend specimen, measured using neutron diffraction. Crosses indicate measurement gauge volume centres. b.) Residual stress in a modified compact tension specimen of pressure vessel steel, measured using EDXD.
The contribution of residual stress to the stress intensity factor for the SEN(B) specimens was calculated via the weight function method using neutron diffraction data from an indented but unnotched specimen. This calculation predicted a contribution of 11.3 MPa √m from residual stress. Under three-point bend loading, the SEN(B) specimens all failed in an almost completely brittle manner. The load at failure was used to calculate the contribution of externally-applied loading to the apparent Mode I stress intensity factor. The indented (i.e. residually-stressed) specimens fractured at a consistently lower load than the unindented ones. As shown in Fig 4, fracture toughness was similar to the contribution of residual stress to the crack-tip stress intensity, as would be expected for a brittle fracture.
Figure 4: Curves indicating the cumulative probability of failure for indented and unindented SEN(B) specimens, based on the results of 16 fracture tests.
The stress field within the C(T) specimens was measured not only under zero external load (as shown in Figure 3b ), but also at incremental loading steps up to the initiation of tearing. Figure 5 compares measured distributions of stress surrounding the crack in an indented specimen with those calculated using FEA. There is good agreement between the two methods and it was concluded that the FEA results were sufficiently accurate for reliable calculation of the elastic-plastic strain energy release rate.
Figure 5: Stress distribution (crack-transverse σ yy component shown) on the mid-thickness plane of an indented C(T) specimen at different levels of applied loading. Results are shown for elasticplastic FEA (model) and data measured using EDXD (experiment).
Elastic-plastic equivalent stress intensity factor results calculated from finite element analysis of the SEN(B) and C(T) loading tests are shown in Fig 6. The crack-driving force is initially zero for the specimens containing no residual stress (solid blue lines), while there is a finite crack-driving force for the indented specimens (solid red lines). The SEN(B) specimens (Fig 6a) exhibited almost perfectly brittle fracture; their K J values deviate only a small amount from the result for a theoretical perfectly-elastic specimen (dashed lines). For the indented SEN(B) specimens, the model included an initial residual stress field reconstructed from neutron diffraction measurements. By comparing the through-thickness distribution of K J at fracture to that for an unindented specimen, it was concluded that the reconstruction technique was a viable method for incorporating measured residual stress data into the elastic-plastic analysis of fracture.
a.
Figure 6: Elastic-plastic equivalent stress intensity factor at the mid-thickness of four specimens (two SEN(B) specimens and two C(T) specimens) as a function of applied load. Mode I SIF for a theoretical perfectly-elastic specimen is also shown in each case. a.) SEN(B) specimens, b.) C(T) specimens. Note different vertical scales.
The C(T) specimens (Fig 6b) show a much more ductile fracture than the SEN(B) specimens, and so deviate strongly away from the predictions of linear-elastic theory. Surprisingly, K J for the unindented specimen rises above that for the indented specimen at higher levels of applied load. Using FEA, it was shown that this is due to strain-hardening of the material during indentation. This strain-hardening causes a spatial variation in initial hardness in the indented specimen which, like residual stress, affects the distribution of plastic deformation that occurs in the specimen as it is loaded to failure. Most structural integrity assessment procedures, including R6, contain relatively detailed treatment of residual stresses but put less emphasis on the effect of spatial variations in initial material hardness. These results suggest that hardness variations resulting from the processes which introduce residual stress may have a more significant effect on ductile fracture than is often considered. In future experiments, we plan to use the techniques developed here to study fracture occurring under elastic follow-up conditions, and the effect of primary/secondary stress interaction on elastic-plastic crack propagation.
Conclusions
1. The contribution of two well-characterised residual stress fields to the initiation of brittle fracture and ductile tearing has been analysed. 2. A method for incorporating measured residual stress data into elastic-plastic cracked-body finite element analysis of fracture via iterative reconstruction of the stress field was shown to be viable. 3. Variations in the strain-hardening state of material often occur in conjunction with residual stress. For ductile fractures, such variations can have a significant effect on the elastic-plastic strain energy release rate.
